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A B S T R A C T
The diﬀusion wear between a WC-10%Co tool and a Ti54M titanium alloy was investigated by studying the
reaction between both the materials using a diﬀusion couple and studying their behavior during a machining
test. In addition to the scanning electron microscopy (SEM) study, electron probe microanalysis (EPMA) was
conducted to quantitatively analyze the chemical composition in the reactive layers after diﬀerent holding times
at 1100 °C. The diﬀusion couple revealed a rapid formation of TiC carbides at the interface. The layer growth is
parabolic and is mainly toward the Ti54M side. The formation of three aﬀected zones was observed. On the tool
side, the two aﬀected zones displayed a continuous decrease in the WC content, as well as a signiﬁcant en-
richment in the Co amount with no WC in the Co rich zone and a decrease in the W and C contents. On the Ti54M
side, the tool elements diﬀused into the alloy material, with the diﬀusion lengths of C and Co being much longer
than that of W. The solubilities of C and Co remained low while that of W was almost 8–9 wt%. The WC
dissolution and compositional modiﬁcation caused a degradation in the mechanical integrity of the tool surface,
leading to crater damage. The machining experiments validated this mechanism and tool elements could be
found in the adhered titanium layer.
1. Introduction
The diﬀusion wear between the chip and the rake face during ma-
chining is an issue that has been widely investigated for metal cutting
operations. Most of the studies deal with tool wear in steel machin-
ability applications. Diﬀerent analytical models have been used to study
the diﬀusion process during machining [1–5]. Naerheim et al. [6] used
a dynamic model to analyze the wear diﬀusion during steel machining
with a WC-TiC-Co carbide cutting tool. According to them, the elements
of the cutting tool like tungsten (W), carbon (C), and cobalt (Co) tend to
diﬀuse into the chip which is continuously renewed. This renewal does
not allow a saturation of the diﬀusing elements at the tool-chip inter-
face, which does not stop or decrease the crater wear rate. In another
case, Qi et al. [7] showed that during the machining of austenitic
stainless steel deoxidized with calcium, the diﬀusion wear is limited by
the formation of an adhering layer, which is composed of inclusions
containing Ca mainly and Al and Si. This adhering layer limited the
diﬀusion of the tool elements into the chip and stopped the TiC grains
from being torn out by the chip ﬂow. A quasi-static diﬀusion model was
used to describe the wear. In addition, Bittès [8] showed that the dif-
fusion was slower during the machining of improved machining steel
than during the machining of standard steel. In this case, the experi-
ments were conducted with identical cutting parameters for two min-
utes. It was found that the choice of the machining time could minimize
the cratering eﬀect of the rake face.
In the case of the titanium alloys, the machinability depends on the
nominal chemical composition, microstructure (grain size, phase frac-
tion, texture, etc.), and mechanical properties [9,10]. In addition to
these properties, the machining speed plays a key role in determining
the machinability [11]. In particular, the machining process is known to
generate both thermal and mechanical stresses. The friction between
the tool and the specimen during machining causes a rapid increase in
the temperature to a value greater than the β transus temperature, and
leads to the adhesion of a Ti layer on the carbide tool [12,13]. This
creates a problem as titanium has poor thermal conductivity, and the
thermal energy cannot be dissipated quickly through the chips. The
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diﬀusion of elements (W, C, Co) from the tool to the work material is
thought to be the source of wear and hence the degradation in tool life
[9,14]. Furthermore, titanium is known to be chemically reactive with
atmospheric gases such as oxygen at high temperatures, as well as with
some elements like carbon. Upon reaction with carbon, titanium forms
hard compounds on the alloy surfaces [15], resulting in the wear of the
tool rake. This process is initiated by the diﬀusion of carbon from the
tool to the work material and is followed by a reaction with Ti atoms to
form a TiC layer [16]. According to Arvieu et al. [17], the evolution of
the TiC layer can occur from 400 °C. This issue is mentioned in almost
every research paper that deals with the machining of Ti alloys
[18–25], but the information regarding the chemical composition at the
interface between the tool and the work material is mostly qualitative
[16,26,27]. Only a few researchers have worked toward understanding
these mechanisms. Hartung et al. [28] shed light on this problem by
demonstrating that a stable titanium carbide layer (TiC) with a depth of
100 nm was formed between the chip and the tool, and this layer
minimized the wear by diﬀusion. The diﬀusion mechanism during
machining was mainly studied by applying a compression load at high
temperatures on the titanium alloy and the carbide tool [16,27,29–31]
and by qualitatively analyzing the resulting compounds using electron
dispersive X-ray analysis (EDX) and X-ray diﬀraction (XRD). Several
studies [16,29,31] highlighted the presence of two layers at the inter-
face; these two layers have been identiﬁed as TiC and the η-phase (M6C
or M12C). The η-phase is a brittle material, which can form very quickly
under mechanical loading [32,33]. The high mechanical stresses acting
on the tool-chip interface can play the role of a mechanical activator,
and when coupled with high temperatures, enable a faster diﬀusion.
As described earlier, diﬀusion wear is an important issue in titanium
alloy machining but it is scantily understood. This paper aims at un-
derstanding the diﬀusion process in titanium alloys, using static diﬀu-
sion tests and a quantitative analysis of the diﬀusion layers by the EDX
and EPMA techniques, which have never before been used for this type
of tool-alloy couple. A comparison of the analyses with machining tests
is discussed in the second part of the paper.
2. Materials and methods
2.1. Materials
The titanium alloy used in this work (TMETAL® 54 M (Ti54M)) was
provided by TIMET Savoie. The Ti54M titanium alloy was designed to
have comparable mechanical properties with the standard Ti6Al4V and
better machinability [9,34]. The chemical composition of the alloy in
its as-received state is given in Table 1. The Ti54M alloy contains mo-
lybdenum, which makes it more β stabilized than Ti6Al4V and de-
creases its β transus temperature (950 °C against 1000 °C for Ti6Al4V).
Regarding the tool material, tungsten carbide (WC-10%Co) was
chosen for the couple diﬀusion tests. This type of carbide is generally
used for the machining of titanium alloys and particularly for drilling
operations. It is composed of 90 wt% tungsten carbide (WC) and 10 wt
% cobalt. Its K40UF grade confers an ultraﬁne microstructure with a
0.6 µm diameter for carbide grains. This ﬁne microstructure allows the
tool to have high hardness, toughness, and bending strength.
2.2. Diﬀusion couple
An innovative interdiﬀusion experiment was designed to yield an
understanding of the mechanisms behind the diﬀusion wear in the tool-
alloy couple. A stack consisting of 12 mm diameter discs of Ti54M and
WC-Co were placed in a Ti54M crucible and screwed down using a
pressure of 120 MPa as shown in Fig. 1. To avoid contamination during
the diﬀusion process, the crucible and the screw were made of same
alloy (Ti54M). The crucible and the screw sealed the sample against any
residual oxygen in the vacuum furnace. Moreover, the dimensions of
the whole sample (including crucible and screw) were designed such
that after cutting it in half, it ﬁtted entirely within a resin of 22 mm
maximum diameter. This allowed us to maintain the stack at similar
conditions for heat treatment and further preparation, microstructural
analysis as well as to avoid separation between the tool and the tita-
nium alloy at the interface.
To achieve an intimate contact between the titanium alloy and
tungsten carbide discs, and facilitate the chemical reaction between
them, the surfaces of the discs were polished to obtain surface rough-
ness (Sa) values of 21.35 nm and 2.79 nm for the Ti54 M alloy and
tungsten carbide, respectively. These discs were then stacked one upon
the other, and the roughened surfaces increased the area of contact.
The diﬀusion couple was heated at a rate of 10 °C·min−1 in the
range of 800–1100 °C and isothermally held at the chosen temperature
for diﬀerent times. The reaction between the two materials was studied
and the eﬀect of the cutting time or cutting length on the tool life was
analyzed. Four holding times were chosen: 0 min (reference time),
15 min, 30 min, and 2 h. The isothermal holding temperature was se-
lected to be 1100 °C. Indeed, according to the cutting conditions during
the machining operation, the temperature at the cutting edge can reach
up to 800–1100 °C [23,35–37]. This temperature is higher than the β
transus of the material (Tβ = 950 °C). Air cooling is carried out at a
cooling rate of 360 °C·min−1.
2.3. Machining test
A machining wear test was conducted and the obtained results are
compared to those obtained from the diﬀusion couple. As the present
study was realized in the frame of a collaborative project centered on
the titanium drilling for the aeronautic industries, the conditions used
for these wear tests were based on the cutting conditions used by the
manufacturer. The tool used was a non-coated WC-Co tool (Fig. 2) with
the same composition as the WC-Co discs used in the diﬀusion couple.
Its rake and ﬂank angles were 30° and 15°, respectively, whereas the
average radius of the cutting edge was 18 µm. The cutting angles re-
present the angle of the drill tool at the tool corner, which is the most
important part of the drill on diﬀusion issue. The test was conducted in
a dry environment with a cutting speed of 30 m·min−1 and a feed rate
of 0.1 mm·rev−1, which are the cutting speed and the feed rate per
tooth during drilling operation. The cutting conditions are summarized
in Table 2.
The wear during the experiment was continuously monitored. The
variation in the cutting force was measured using a piezoelectric dy-
namometer on which the tool was mounted (Fig. 3), while the cutting
temperatures were measured using a thermocouple located 2 mm be-
hind the cutting edge. The measurement uncertainty does not exceed
5% in the whole tests. The wear of the cutting edge and the ﬂank face
was examined after every trial using an optical microscope. A high-
speed camera was used to observe the chip formation. The time of each
cutting test was approximately 15 s.
2.4. Structural and microstructural characterization
The various phases in the tool material were identiﬁed using a D8
Advance XRD machine. The XRD pattern of the tool material was fur-
ther processed by implementing the Rietveld method to extract
Table 1
Chemical composition of the Ti54M titanium alloy (wt%).
Chemical composition
Al V Mo Fe O N Ti
5.10 3.92 0.770 0.47 0.17 0.0044 89.566
quantitative information about each phase.
Three couple diﬀusion specimens were characterized to ensure the
repeatability. The diﬀusion couple specimens were cut in half without
separation and embedded in a conductive resin, as shown in Fig. 1b.
This conductive resin coating facilitated further characterization by
SEM and EPMA. Prior to the microstructural characterization, normal
metallographic routines consisting of a multi-step mechanical polishing
were carried out to achieve a mirror like surface.
The microstructure of the specimens was analyzed using the SEM
FEG Quanta 650 machine equipped with an EDX detector. The
APHELION software package was used to analyze the backscattered
electron (BSE) micrographs obtained using SEM, to quantify the surface
phase fraction.
An EPMA instrument (Jeol JXA 8530F) was used to quantitatively
analyze the chemical composition of the specimens. The spectra ob-
tained at an accelerating voltage of 15 kV were compared with those of
the pure elements. A PAP matrix correction procedure was applied and
the counting time for each element (between 50 s and 100 s) was ad-
justed to not exceed a relative error of 0.5 wt%. Moreover, EPMA line
scans with a 2 µm step were run across the diﬀusion couple.
3. Results
3.1. Initial state of the couple material
An SEM micrograph of the Ti54M alloy in its as-received state is
shown in Fig. 4. The β phase is brighter owing to its higher vanadium
content, whereas the α phase is dark-grey. A duplex microstructure is
observed with nodular α grains, surrounded by a mixture of lamellar α
grains and the remaining β phase.
The surface fraction of the β phase, as determined by image analysis
on at least 50 SEM images, was found to be 20%. The nodular α phase
(46%) has an apparent mean equivalent diameter ranging from 7 to
12 µm, and the lamellar α phase (34%) has an apparent thickness
ranging from 1 to 2 µm.
Fig. 5a shows a typical SEM micrograph of the as-received tool
material. The WC particles appear irregularly shaped, with sharp edges,
and are surrounded by the Co-rich phase (dark in color). A precise
quantitative chemical analysis of the particles was not attempted owing
to their small size. The X-ray diﬀractogram of the tool material in
Fig. 5b displays several diﬀraction peaks. The XRD patterns were ana-
lyzed using the Fullprof software with the Rietveld method to de-
termine the mass fraction of the WC- and Co-rich phases. The structural
model used for the Rietveld reﬁnement was based on the following
structural data: a hexagonal structure with P m6 2 space group for
tungsten carbide (a = 0.2907 nm and c = 0.2838 nm) and a hexagonal
structure with P mmc6 /3 space group for the Co-rich phase (a =
0.252 nm and c = 0.410 nm). The quality of the reﬁnement was con-
ﬁrmed by a visual examination of the plotted diﬀerence between the
measured and calculated proﬁles as shown in Fig. 5b and by the re-
liability factor Rwp, which was lower than 10. The mass fraction of WC
particles was found to be 89%.
3.2. Microstructural and chemical analysis of the diﬀusion couple
Fig. 6 displays the SEM images of the WC-Co tool–Ti54M titanium
alloy bonded joints for several heat treatment cycles. It was observed
that diﬀusion bonding took place at all holding times at 1100 °C. It can
be noticed from the SEM images that the diﬀusion interface area does
not contain any discontinuity and void. Cracks can be observed mostly
along the tool side and several ﬁne precipitates appear in the titanium
alloy side on the junction. To understand the presence of these ﬁne
precipitates, it is necessary to determine their crystallography and their
chemical composition, which can only be achieved by transmission
electron microscopy. This scale of observation is out of the scope of the
 Fig. 1. Principle of the diﬀusion test: a) Samples in the furnace for 
diﬀusion test, b) The cut sample coated with conductive resin.
Fig. 2. a) WC-10%Co cutting tool used in this study, b) thermo-
couple instrumentation of the tool.
Table 2
Cutting parameters for the machining test.
Tool material Non-coated WC-10%Co
Rake Angle γn 30°± 0.1°
Flank angle αo 15°± 0.1°
Cutting edge radius rβ 18±2 µm
Lubrication Dry
Cutting speed Vc 30 m min−1
Feed rate f 0.1 mm rev−1
paper. Moreover, three of the four distinct diﬀusion layers can be ob-
served at the diﬀusion interface area, regardless of the holding time as
shown in Fig. 7. Table 3 lists the average chemical composition in the
three layers as measured by EPMA at random points (at least 10 mea-
suring points) in the diﬀusion couple subjected to a 2 h holding time.
The ﬁrst layer, observed near the tool side, was characterized by a
decrease in the WC surface fraction and a morphological change
characterized by large spaces between the tungsten carbide domains.
This layer is called the ‘aﬀected zone’ throughout this paper. After a
holding time of 2 h, the contents of W, Co, and C in this region varied
largely from 78 to 86 wt%, 6–13 wt%, and 5–7 wt%, respectively. These
local variations are most likely due to the diﬀerent probe points on the
layer.
The second layer was also observed near the tool side. At this ob-
servation scale, this layer seemed to consist of a Co-rich phase only. An
increase in the Co content could easily be measured in the layer after a
2 h holding time. However, the measurements are probably deﬁcient in
cobalt due to the lateral resolution limit of the instrument, which is
insuﬃcient when compared to the thickness of the layer.
The third layer is formed at the interface of the aﬀected zone and
the titanium alloy. According to EPMA analysis, this continuous layer
was found to be titanium carbide (TiC) that grows as a single crystal at
the interface. The average carbon content in the TiC layer is about
15.5 wt%, indicating a nonstoichiometric state. A 0.5 wt% of W and
traces of Co, V, and Al (contribution of the adjacent layers) were also
measured inside the TiC layer.
The thickness of the diﬀerent layers was also measured over the
length of the interface. The average thickness is given in the Table 4
with a standard deviation of± 20%. The average thickness of the layers
(mainly 1 and 3) increases upon increasing the holding time. At the
beginning of the isothermal exposure, the average thickness of each
layer is already signiﬁcant with values of 3.3, 0.6, and 1.4 µm for the
aﬀected zone, the Co-rich phase, and the TiC layer, respectively. The
isothermal holding at 1100 °C caused further TiC growth and the
average thickness of the TiC layer increased. Consequently, the average
thickness of the aﬀected and Co-rich zones increases due to the diﬀu-
sion of carbon towards the TiC layer. After holding for 2 h, the average
thicknesses of the aﬀected zone, the Co-rich zone, and the TiC layer
were 7.7, 1.1, and 5 µm, respectively.
The last zone is the interface area, which is located on the Ti54M
alloy side. Considering the microstructure, the lamellar α phase is
clearly much ﬁner in this area close to the TiC layer, as shown in Fig. 8.
The thickness of this reaction layer increases when the holding time is
increased. It has to be kept in mind that the diﬀusion of W, Co, and C
atoms from the tool material towards the Ti54M alloy takes place in the
β phase (at 1100 °C). An increase in the W and Co content may be
expected, as both of them are β-stabilizing elements. The increase in C
is low due to the poor solubility of C in the β phase. Fig. 9 displays the
solute distribution of W, Co, C, Ti, Al, and V in the TiC layer towards the
center of the Ti54M alloy disc. Note that elements such as O and N were
 Fig. 3. Experimental setup of the machining trials.
Fig. 4. Duplex microstructure of the as-received Ti54M alloy.
Fig. 5. a) Microstructure of the tool material, b) X-ray diﬀraction pattern of the tool
material and comparison with the calculated pattern.
not examined due to the lack of precision in the EPMA analysis.
Whatever be the holding time, sharp tungsten proﬁles were ob-
served with a signiﬁcant amount of W close to the interface, in com-
parison to the other elements in the tool, as shown in Fig. 9a. The
tungsten content at the interface varied between 6 and 8 wt% at various
holding times; the variation in the obtained values could be attributed
to the irregularities in the interface. The W content gradually decreases
Fig. 6. Cross sectional SEM micrographs of the diﬀusion couple specimens obtained after diﬀerent holding times at 1100 °C: a) no holding period, b) 15 min, c) 30 min, and d) 2 h.
Fig. 7. Cross sectional SEM micrograph of the diﬀusion couple after a holding time of 2 h
at 1100 °C.
Table 3
Chemical composition (wt%) measured by EPMA at diﬀerent locations on the diﬀusion
couple after holding for 2 h at 1100 °C.
Layer C W Co Ti Al V
Aﬀected zone 5–7 78–86 3–13 0 0 0
Co-rich phase 3.5 77 19 0.5 0 0
TiC 15.5 0.5 trace 83.6 trace trace
Table 4
Average thickness of the diﬀusion layer aﬀected zones as a function of the holding time.
0 min 15 min 30 min 2 h.
Aﬀected zone (µm) 3.3 4 5.8 7.7
Co-rich zone (µm) 0.6 0.4 0.5 1.1
Adhesion zone -TiC (µm) 1.4 2.3 3.8 5
Fig. 8. SEM micrograph of the TiC-Ti54M interface after holding at 1100 °C for 2 h.
as the distance from the interface increases. Increasing the holding time
enabled W to diﬀuse over larger distances in the titanium alloy. The
contents of C and Co were relatively constant over the analyzed dis-
tance (100 µm). The C and Co contents ranged in between 0.5–0.6 wt%
and 0.2–0.6 wt%, respectively. The content of titanium, aluminum, and
vanadium decreases continuously as one moves closer to the interface.
Some ﬂuctuations in the solute distribution in the titanium alloys away
from the interface can also be observed due to the partitioning of Al, V,
and Co elements during the β −> α phase transformation on cooling
and the coarse morphology of the lamellar α grains. No ﬂuctuation in
the solute distribution could be observed close to the interface due to
the ﬁner morphology of the lamellar α phase.
3.3. Machining test results
The phenomena observed in the diﬀusion couple experiment can be
seen in the machining test as well. That is why a comparison was made
between the diﬀusion couple test and the machining operation. The
typical signals acquired during a machining trial are presented in
Fig. 10. It must be noted that the cutting temperature does not reach the
steady state during the ﬁrst trial; on the other hand, the cutting force
remains constant during machining.
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Fig. 9. Solute distribution on the titanium alloy side
of the diﬀusion couple after heat treatment at
1100 °C for diﬀerent holding times: a) tungsten, b)
carbon, c) cobalt, d) titanium, e) aluminum, and f)
vanadium.
The cutting force and the cutting edge temperature are depicted as
functions of the machined length (number of trials) in Fig. 11. A sig-
niﬁcant increase of almost 23% is observed in the cutting force between
the ﬁrst and the last trials, this leads to catastrophic tool wear resulting
from the chipping of the tool edge, as shown in Fig. 11. However, the
cutting temperature increased by only 9%, which is 2.5 times less than
the increase in the cutting force. Nevertheless, the average temperature
of 200 °C as measured by the thermocouple located 2 mm behind the
cutting edge allows us to assume that the temperature at the cutting
edge is very high and can reach the temperatures reported in the lit-
erature [23,35–37].
The high cutting temperature at the cutting edge resulted in thermal
damage, underlined by the orange line in Fig. 12. A change in the color
of the surface, a typical occurrence due to surface oxidation, is observed
on the ﬂank face of the tool. The cutting edge undergoes chipping at the
locations where the contamination is prominent. In addition, the high
temperatures lead to the bonding of titanium on the edge and the rake
face (Figs. 12 and 13). Such sticky layers conﬁrm the occurrence of a
chemical reaction between the tool material and the machined material
(titanium alloy).
After the machining process, the tool was subjected to SEM analysis
to study the morphological features. Furthermore, a metallurgical
analysis was conducted on the tool by EDX to determine if some dif-
fusion occurred between the tool and the machined material and to
compare the results with the one obtained for the diﬀusion couple.
SEM micrograph and EDX analyses of the tool were performed to
investigate if the diﬀusion of the elements occurred during machining
as shown on Fig. 13. Three zones can be clearly observed in the SEM
micrograph. The ﬁrst zone corresponds to a Ti layer, which is observed
on the rake face up to a 400-µm length in the entire contact zone be-
tween the chip and the tool. This feature is similar to the one reported
earlier [26]. The deposition and smearing of the Ti alloy was depicted
by the Ti build-up edge (BUE) on the rake and ﬂank edges. The Ti BUE
creates an uneven and sluggish surface around the rake edge. As a re-
sult, the contact between the ﬂowing chip and the rake face is
minimum. The contact resumes when the adhered Ti on the rake edge
breaks away [40]. The elemental composition of the smeared Ti alloys
was identiﬁed by EDX, as shown in Fig. 13.
The EDX revealed a distinct separation between the tool zone that
contains the W, C, and Co elements and the build-up of the titanium
rich layer. A crater wear can be observed on the surface edge of the rake
face, with dimensions of roughly 5 × 10 µm, which are much smaller
than the crater wear reported in the literature [9,30]. On the one hand
the size discrepancy is certainly due to mechanical chipping. On the
other hand, the crater is surrounded by a worn area that originated
from the breakup of the adhered Ti. The presence of W is clearly noticed
in the EDX spectrum of the Ti layer (Fig. 13b). The Co peak could not be
clearly detected in the adhered titanium in Fig. 13b. This does not
imply that no Co diﬀuses toward the Ti side. The low intensity is caused
by a smaller content of this element and thus its concentration is em-
bedded in the measurement noise. As a reference, the peak intensity
that arises from 10 wt% Co in the tool can be seen in the Fig. 13a. No
presence of titanium could be detected in the tool (Fig. 13a).
4. Discussion
4.1. Diﬀusion couple tests
The chemical composition analysis by EPMA revealed the chemical
interaction between the tool and the Ti alloy. Diﬀerent layers could be
observed in the WC-Co sample: the aﬀected zone and the Co-rich zone
characterized by a decreasing content of the WC carbides, W, and C,
and an enhanced content of Co in the Co-rich area. Some traces of Ti
were also identiﬁed in the Co-rich area. The TiC layer consisted mainly
of Ti and C, along with a small amount of W (0.5 wt%). Traces of Al and
V could be noticed. Moreover, the diﬀusion of W, Co, and C was also
clearly noticeable in the Ti matrix.
W and Co are substitution β stabilizing elements in Ti alloys, and
hence, their diﬀusion towards the Ti matrix is favored. C is an inter-
stitial element for Ti alloys. It has a poor solubility in both the α and β
phases and it diﬀuses rapidly as compared to the substitution elements
(W and Co). Its presence in a Ti matrix will rapidly lead to the formation
of TiC.
The presence of a TiC layer in the diﬀusion couple specimen just
heated up to 1100 °C implies that its nucleation and growth occurred
rapidly on heating, even at low temperatures. Literature reports that the
diﬀusion of Ti from the Ti alloy to the tool may start from 400 °C [27].
This can explain why the TiC layer consists of numerous TiC pre-
cipitates with diﬀerent sizes and strongly indicates that the TiC layer in
the diﬀusion couple forms in the early stages during heating. The TiC
particles nucleate at the interface between the tool and the Ti alloy and
grow mainly toward the Ti alloy. The coarse grains of TiC led to a rough
interface between TiC and the titanium alloy.
The formation of TiC implies diﬀusive processes with a diﬀusion of
C towards the Ti alloy and a reaction of Ti atoms with C atoms. It
implies the dissolution of WC particles and consequently, a decrease in
the WC content of the tool material is observed when moving from the
bulk towards the front of the TiC/tool interface.
The growth of TiC in the Ti matrix is due to the fact that the dif-
fusion process between the tool and the Ti alloy is mainly controlled by
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Fig. 10. Reference signals of the cutting force and temperature, acquired during a ma-
chining trial.
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Fig. 11. The evolution of cutting force and temperature evolution as functions of the
machined length.
the diﬀusion of carbon at the initial stage (its diﬀusivity is far greater
than that of Ti [42,43]). However, as no pile up of Al and V of the β
phase (1100 °C) is observed in front of the TiC/β, it can be considered
that the growth rate of the TiC layer is relatively low as compared to the
diﬀusivity of Al and V. The formation of the TiC layer also led to the
formation of a Co-rich zone. Indeed, WC dissolution occurred and the
very rapid diﬀusion of C toward TiC as well as the signiﬁcant diﬀusion
of W, led to an increase in the Co content. In this layer, no η precipitates
were observed as compared to Hatt's results that reported a mixture of
W, Co, and M6C (η-phase) in this zone [31].
The TiC layer in the tool-Ti54M titanium alloy bonded interface
area acts as a diﬀusion barrier, since it limits the diﬀusion of elements
from the tool to the titanium matrix. Thus, the TiC grains contain about
0.5 wt% of W and traces of other substitution elements. As a result, the
diﬀusion of the tool elements toward the Ti matrix occurs probably very
early on during the heating cycle. No complete thermodynamic de-
scription of the Ti-W-Co-C system is given in the literature. However, it
has been reported that the thermally activated diﬀusion in the Ti-W
system starts roughly at 600 °C [41]. The complete miscibility of W in
the β phase for the Ti-W system can explain the high content of W in the
Ti alloy in front of the TiC/Ti alloy interface. The contents of C and Co
in the Ti alloy in front of the TiC/Ti alloy interface are clearly lower
than that of W. For C, the measured content is about 0.5–0.6 wt%,
which is in the range of the solubility limit of C in α-Ti and β-Ti [38].
For Co, the measured value of 0.2–0.6 wt% is much lower than the
solubility limit of Co either in the α phase (~ 1.5 wt% at 685 °C) or in
the β phase (15 wt% in β-Ti at 1100 °C) [39]. As the amount of Co is
much lower than the solubility limit in the β phase at 1100 °C, the
precipitation of Ti2Co as hypothesized by Hatt [31] is not probable
because the mean chemical composition of the surrounding trans-
formed beta phase is too low.
The EPMA analysis also reveals that both C and Co diﬀuse much
further than W in the Ti54M titanium alloy. This result is in contra-
diction with the literature [30], particularly in the case of Co. The
calculation done by Zhang et al. indicates that among the three tool
elements, Co has the slowest diﬀusion rate in the matrix. It can be
noticed that the TiC layer limits the diﬀusion of Co drastically, as un-
derstood by the presence of only traces of Co in the TiC layer.
In the case of W, its content in the Ti matrix remains relatively
constant at the TiC/Ti interface at diﬀerent holding times. We can thus
assume that a local equilibrium was achieved. Moreover, the char-
acteristic diﬀusion length of W in the Ti alloy was found to increase
with the holding time. The diﬀusion coeﬃcient of W in the Ti matrix
was estimated from the diﬀusion proﬁles considering a simple one-di-
mension model. The diﬀusion is considered to occur in a semi-inﬁnite
medium with a constant W concentration at the interface between TiC
and the Ti alloy. The concentration variations are expressed by the
following equation [44]:
= −c x t c erf x
Dt
( , ) (1 (
2
))s (1)
where c(x,t) denotes the concentration at distance x and run time t, cs
the concentration at the TiC/Ti alloy interface in Ti alloy, x the dis-
tance, t the run time and D the diﬀusion coeﬃcient. The diﬀusion
coeﬃcient at 1100 °C can be determined from the slope of the
−
−erf c c x t c[( ( , ))/ ]s s1 plots as a function of the distance (x). Fig. 14
shows the inverse error function plots vs. x at the holding times of
30 min and 2 h. The measurements of the concentration-distance
Fig. 12. Thermal and mechanical damage on the 
ﬂank face versus machining length.
proﬁles were corrected by subtracting the concentration proﬁle devel-
oped for a 0 min holding time. The cooling rate was fast enough to
consider that the chemical exchange during this step was negligible. For
both holding times, the relationship obtained is linear with no deviation
from the ideal behavior, this is due to the presence of large amounts of
grain boundaries and dislocations (both of which can provide fast dif-
fusion paths). The diﬀusion coeﬃcients determined from the slopes
equal to −Dt(2 ) 1 are quite similar (1 × 10–14 m2 s−1 for 30 min and 3
× 10–14 m2 s−1 for 2 h). This ﬁnding suggests that the outward diﬀu-
sion of W from the tool is not dependent on the continuous thickening
of the TiC layer until up to 5 µm. Moreover, the diﬀusion coeﬃcient in
the Ti matrix is one order of magnitude lower than the diﬀusion coef-
ﬁcient in the tool as reported in the literature (about 3 × 10–13 m2 s−1
at 1100 °C [30]). The lower value obtained in the matrix may imply
that the diﬀusion of W in the TiC layer may decrease the entire W
diﬀusion ﬂux, and consequently limit the changes in the tool compo-
sition and damages and endow the TiC interface with a diﬀusion barrier
character.
The ﬁner microstructure observed in the Ti matrix near the TiC
interface indicates a lower precipitation temperature of the α phase. As
the cooling rate can be considered similar, this diﬀerence is associated
with the local chemical composition. The presence of C, Co, and W in
the titanium matrix is expected to modify the β transus temperature, as
well as the kinetics of the α precipitation on cooling. The β transus
temperature increases upon increasing the C content, while increasing
W and Co contents will decrease it. On the basis of thermodynamic
calculations performed with the ThermoCalc software and binary sys-
tems, the β transus temperature was found to decrease by 5 °C/wt% for
W and 25 °C/wt% for Co, while it increased by 100 °C/wt% for C. Even
if we cannot conclude about the absolute value of Tβ, we can claim that
for the considered area the Tβ is the lowest near the interface area.
Indeed, the C and Co contents are nearly constant over 100 µm, while
the W content decreases. The thickness evolution of the α lamellae is
associated with the W gradient, i.e. to a lower local Tβ and certainly
slower kinetics of the α formation.
4.2. Machining tests
The phenomena observed in the diﬀusion couple experiment can be
seen in the actual machining test. The presence of the tool elements
occurs in the titanium layer adhered on the tool. The W and C elements
can be detected in the adhered titanium layer, thus conﬁrming their
diﬀusion. However, the Co peak could not be clearly detected in the
adhered titanium. The EDX scans from the top of the rake face and its
cross section lead to the detection of low to no presence of Co, as de-
picted in Fig. 13. This does not imply that no Co diﬀuses toward the Ti
side. The low intensity is caused by a smaller content of this element
and thus its concentration is embedded in the measurement noise. As a
reference, the peak intensity that arises from 10 wt% Co in the tool can
be seen in the Fig. 13a.
The diﬀusion couple tests under diﬀerent isothermal holding con-
ditions also provide important information on the practical aspects of
machining. It has been shown that a long holding time increases the size
of the diﬀusion aﬀected area, for both the Co-rich phase and the
transformed carbide zone.
The translation of the diﬀusion couples results to the machining
process shows that the phenomenon of diﬀusion can interfere on the
tool wear depending on the machining time and high cutting tem-
peratures. Moreover, the plastic deformation associated with the ma-
chining process can drastically enhance the diﬀusion. Such conditions
promote the diﬀusion of tool elements, modify the chemical composi-
tion of the tool, and eventually will deteriorate the mechanical integrity
of the tool surface.
5. Conclusions
The diﬀusion couple experiments and the comparison with the
machining test allow us to make several conclusions:
• The titanium matrix and the tool react very rapidly, even during the
early stages of heating, resulting in the formation of TiC precipitates
at the interface between the tool and the Ti alloy.
• On the tool side, the decreasing WC gradient was characterized by
an additional zone near TiC, free of WC and rich in Co. Poor/no
Fig. 13. EDX analysis at diﬀerent damage areas of the rake face after machining. The
insets show the microstructure of the tool cross section with the corresponding points
where the EDX was acquired: a) the tool zone and b) adhered Ti zone.
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Fig. 14. Plots of the inverse error function vs. distance from the TiC/Ti alloy interface (x),
from the data reported in Fig. 9 for 30 min and 2 h holding times at 1100 °C. The linear
relationship leads to the W diﬀusion coeﬃcient.
diﬀusion of the solutes in the Ti matrix was noticed.
• On the titanium alloy side, Co and C diﬀused over a distance of more
than 100 µm, while W diﬀused only over 70 µm (2 h holding time).
The diﬀusion of W in the TiC layer is proposed to be a limiting step
for the degradation of the tool.
• After the machining test, the presence of W in the deposited Ti was
observed. However, the EPMA analysis could not validate the pre-
sence of TiC or Co because their concentration is extremely small,
and their signals are embedded in the measurement noise.
• The enrichment and gradient composition of W, Co, and C in the Ti
matrix lead to a modiﬁcation of the local β transus temperature and
consequently to a gradient in the thickness of the α lamellae.
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